Abstract -Most wind turbines are equipped with line-connected induction generators. Induction generators are very attractive as wind turbine generators due to their low cost, ruggedness, and the need for little o r no maintenance At constant frequency, the induction generator operates in a small range of speeds and, therefore, it operates with a small range of slips with respect to synchronous speed Compared to a synchronous generator, an induction generator provides lower stiffness, thus alleviating the mechanical stress.
In a weak power system network, an unbalanced load at the distribution lines can cause unbalanced voltage conditions. If an induction generator is connected to an unbalanced voltage, the resulting stator current will be unbalanced. The unbalanced current creates unequal heating (hot spots) on the stator winding. The heat may increase the winding temperature, which degrades the insulation of the winding, La, the life expectancy of the winding. Unbalanced currents also create torque pulsation on the shaft resulting in audible noise and extra mechanical stress.
This paper explores the unbalanced voltage problem in induction generator. The levels of unbalance and the loads are varied Experimental and predicted results are presented in this paper.
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INTRODUCTION
Wind power generation has become increasingly popular in the past few years. Wind turbines have been used for many centuries. In the United States, the use of wind power for electrical generation was not started in a major way until the beginning of the 1970s during the energy crisis. Many applications are related to large-scale, utility-size wind parks where thousands of wind turbines are interconnected to generate large-scale electricity. In some other parts of the world, wind turbines are installed on a smaller scale.
Using wind turbines at the end of long transmission lines in rural areas is not uncommon. Many wind turbines are connected to weak power systems where unbalanced-load dstributions =e not corrected for many months. This persistence or lingering of an unbalanced conhtion poses serious problems to the induction generator. In t h~s paper, the problem has been studied and the impact on reducing an unbalanced condition is investigated. The unequal heat loss, output power reduction, and torque pulsation will be presented and compared.
UNBALANCED OPERATION
Unbalanced operation of induction and synchronous machmes has been the source of heating problems and reduced efficiency. A major cause of an unbalanced voltage at the point of utilization is typically single-phase loads in a system which are not uniformly applied to all three phases. This is partxularly true for rural electric power systems having long distribution lines and fed by induction generators driven by wind turbines. Unbalanced voltage problems also occur in large urban power systems where heavy single-phase demands, particularly lighting loads, are imposed in large commercial facilities. A large manufacturing plant may have a well-balanced incoming supply of voltage, but unbalanced conhtions can develop within the plant from its own singlephase power requirements if the loads are not urufonnly spread among the three phases. Figure 1 illustrates the connection diagram of an induction generator dnven by a wind turbine at the end of a weak power system or a long transmission h e . Unbalanced loads represent many single-phase loads, which are common in rural and residential applications. Unbalanced loading at the point of common coupling (PCC) can cause unbalancedvoltage drop across the transmission line, which will result in unbalanced voltages at PCC. currents eventually can cause unbalanced heating (hot spots) in the machme windings, which can potentially lead to failure. Unbalanced-voltage operation will also create a pulsating torque which produces speed pulsation, mechanical vibration, and consequently, acoustic noise. 
B. Dynamic Analysis

III. METHOD OF ANALYSIS
A . Stea+State Analysis
One of the methods for the steady-state analysis of an unbalanced operation of an induction m a c h e is to employ the symmetrical component theory 
is the transformation matrix of line-to-line voltages to phase voltages at the stator of the machine, %b) and &b) are the &agonal matrices consisting of load resistances and reactances, respectively, and IakAis the load current inside the delta. The current of the power system is equal to
The system equations in the stationary reference frame can then be written from the equivalent circuit of Figure 3 : and &,: are the &agonal matrices consisting of transmission line resistances and reactances, respectively. Assuming a delta-connected load, the stator voltages of an induction generator ean also be written in terms of the load cwrents,
(R,L,,)-!X;~,K?
In Equations 13, 14, 15, the zerolsequence quantities p e assumed to be zero because the neutral point of the induction generator is not grounded. The block dlagr;lm describing the above equations is depicted in Figure 4 . System equations 4 through 8, dong with 14, can be solved using numerical analysis methods. In order to illustrate the effect of the ugbdlced loading, a variable-resistive load is applied at the PCC. De system is then analyzed and the results are tabulated in Table I . In thls table, the load on phases a and b 
IV. RESULT AND DISCUSSIONS
--A -IC I lrated
In real power systems, an unbalanced condition can happen even if the voltage at the point of generation is balanced. As an example, consider Figure 1 presented above where an infinite bus (balanced three phase) is connected to a long distribution line or line feeder (lugh transmission impedance) connected to an unbalanced village load.
Due to voltage drop along the transmission line, the voltage at the receiving end (customer) w i l l be unbalanced. Thus, if there is an induction generator connected to this point, the induction generator will be exposed to an unbalanced condition.
A set of laboratory experiments was performed to observe the unbalanced condition affecting the induction generator. The laboratory experiments were performed using a smallscale induction generator driven by a DC motor. The induction generator is connected to unbalanced line voltages. The unbalanced source was implemented using three variacs (variable auto transformers) set at different voltages. Figure  5 shows the experimentzhetup of the three-phase unbalanced conltion. The DC motor is connected to a variable DC Table [ I. Using the same input voltages, the positive-sequence voltage and the negative-sequence voltages were computed. The positive-and negative-sequence currents were also computed by using positive-and negative-sequence equivalent circuits. The phase currents were reconstructed and tabulated in Table  11 . It is shown that the experimental results and the computed results agree very closely. Figure 6 how the variation of negative-sequence voltage affects the balance of the three phase currents. For example, one of the phase currents reaches about 40% above rated current with only 6% negative voltage.
The effect of negative-sequence voltage on the negativesequence current produced by a generator is illustrated in Figure 8 . The measured and the computed values are matched closely. It is shown that the negative-sequence currents vary with the size of negative-sequence voltage almost linearly. At 6% negative-sequence voltage, the resulting negative-sequence current is about 30%. Tlus relationship can be explained by using the negative-sequence equivalent circuit in Figure 2 . It is easy to see that the rotor The term R/(2-s) will always be a small number considering the normal operating slip of an induction machine is below 10%. Thus, in the normal operating slips, the negative-sequence equivalent circuit has practically constant impedance. In a simplified model. the negativesequence equivalent circuit can be approximately described by opening the magnetizing branch and replacing the term With this simphfied model, it is easy to see that the negative-sequence voltage varies hearly with the resulting negative-sequence current. The negative-sequence equivalent circuit impedance consists of only stator and rotor resistance and leakage inductance, which all have very small values. Therefore, a small negative-sequence voltage can produce a very large negative-sequence current. From an elecuicalcomponent point of view, the worst implication or side effect of an unbalanced condition is the unequal heating in the three phases of the stator windngs. Figure 9 shows the copper losses in each phase of the induction generator fed by unbalanced sources. It is shown that the copper loss in phase b is almost constant in the range of unbalanced voltage under observation. If one or more phases conduct more currents than the rest of the phases, the copper loss will increase dramatically in the affected phases. For example, 50% current above rated will generate 125% power loss above rated. These losses create hot spots, which will make the winding temperature of the affected phase much higher than the rated temperature. As a result. the life of the insulation material will be much shorter than is the case with normal operation.
Unlike a short circuit condition or a balanced-overload condition, these unbalanced operations often exist for a long period of time before they are detected. The customer with single-phase applications will not be affected by the unbalanced condition. However, the customer having threephase induction motors as the load can be affected. The unbalanced voltages on the generator side may be difficult to detect in an unbalanced condition because the variations are not very significant. The detection is easier fiom the threephase output currents. Table I1 is an example illustrating the unbalanced operation of the. induction generator. This particular case has a positive-sequence voltage of 1.07 pu and a negative-sequence voltage of 5.6 % and is operated at 1865 rpm.
R/(2-S)
The calculated three-phase unbalanced currents are depicted in Figure 10 . Phase b current is shown to be the largest among all phase currents. As indicated from the table and the previous graphs, phase b will generate most of the copper losses. A comparison between measured and computed data is shown in Table 111 . The results of the experimental data, the steady-state analysis, and the dynamic analysis are very close. Figure 11 illusmtes the effects of the unbalanced voltages on the output torque of the qachine. The size of the torque pulsation is affected by the size of the negative-sequence current. The negative sign. indicates the torque is in generating mode. The torque pulsation affects the mechanical swam and stress on the shaft. In wind turbine applications where the inertia of the blades is very large, the torque pulsatlon may not be reflected in the rotor speed. However, this torque pulsation may eventually create mechanical fatlgue in mechanical components such as the gearbox and mecharucal coupling or junction. In Figure 12 , the inema used rn the calculation of rotor speed is reduced to show the impact of torque pulsation.
V. CONCL U S I O N
The unbalanced-voltage operation for an induction generator has been investigated. Although this mode of operation can exist for any type of prime mover, a speclfic case application, the wind turbine, was chosen. The steadystate as well as the dynamic calculations were investigated.
Laboratory experiments were performed to venfy the calculations.
The sources of unbalanced operation include load system (hgh impedance). 0 unbalanced transmission line impedance feeding a balanced 0 unbalanced load connected to a balanced source of a weak
The impacts of unbalanced voltages on the three-phase induction generators are 1364 unequal output currents. which generate unequal heatlng or hot spots on the windings due to unequal power loss torque pulsation which increases fatigue load on mechanical components (gearbox), noise, and vibration.
The remedies to improve the unbalanced conditions are increase the power capability of transmission lines (lower transmission impedance) redistribute the village load periodically to equahze any unbalanced load use the wind turbine with a power converter on the uhlity side.
